One sentence summary: Shotgun bacterial metagenomics on a single sample following visualization by electron microscopy.
INTRODUCTION
Bacterial biofilms are known to cause chronic infections that are difficult to eradicate with current antibiotic treatment regimens (Costerton, Stewart and Greenberg 1999) . The presence of biofilms in these infections can only be confirmed by microscopic visualization of bacterial aggregates, since no biomarkers for identifying biofilms have been discovered. Scanning electron microscopy (SEM) and fluorescence microscopy in combination with fluorescence in situ hybridization (FISH) is often used to examine the presence of biofilms in clinical samples such as dental plaques (Listgarten 1976) , mucosal samples from otitis media (Hoa et al. 2009 ), biofilm on indwelling catheters (Ganderton et al. 1992 ) and contact lenses (Kodjikian et al. 2003) .
Techniques such as FISH are very useful for specific visualization of biofilms, but necessitate that the bacteria are metabolically active, given that probes bind to ribosomal RNA (Kragh et al. 2014) . SEM, in contrast, allows for slow growing or dormant bacteria and their morphologies to be observed at a very high magnification (up to 30 000x), thus enabling visualization of the biofilm microstructure. Identification at species level cannot be obtained by SEM, but cellular morphology can yield important clues (Głowacki et al. 2013) . SEM is also considered to be a destructive imaging modality, as the sample must be coated in gold particles and exposed to a high-energy electron beam, which may induce DNA damage (Wang et al. 2013; Trampuz et al. 2006) .
Metagenomic analysis with next generation sequencing has been used for more than a decade to identify bacterial compositions in both environmental communities and microbiomes within the human body. A major advantage of the method is the ability to identify multiple different genera and/or species of bacteria in a single sample. However, a biofilm infection cannot be diagnosed by this method alone because growth as a biofilm cannot be visualized and confirmed. Thus, a combined approach utilizing both microscopy and sequencing is required.
Routinely, samples from patients of chronic infections are divided into several pieces for visualization and bacterial identification. It is often difficult to determine whether the two samples contain the same bacteria or if they even both contain bacteria at all due to the heterogeneous distribution of bacteria within a sample (Bjarnsholt et al. 2013) . Therefore, utilizing multiple techniques on divided samples from a chronic infection may not provide consistent results. The aim of this study is to provide a proof-of-concept for a method utilizing both SEM and shotgun metagenomic sequencing on a single sample to visualize the microstructure and subsequently analyze the composition of the observed bacterial community.
RESULTS

Validation of method and cut-off selection
The method was first tested on two in vitro biofilm samples to confirm that the DNA extraction technique and shotgun sequencing were applicable to samples prepared for and visualized by SEM. P. aeruginosa biofilms grown in culture plates for 48 hours (with our without salmon sperm DNA) were prepared for and visualized with SEM. Samples were subsequently subjected to DNA extraction and shotgun sequencing. 75.3% and 69.7% of the reads mapped to the PAO1 reference genome for the P. aeruginosa biofilm sample and the P. aeruginosa + salmon sperm DNA sample, respectively. DNA from both samples was very fragmented with an average length of 7.7 and 9.7 bp (Fig. 1) . Metagenomic analysis of the sequencing data revealed that a cut-off of 5000 reads eliminated mapping to bacterial genera other than Pseudomonas for one of the samples and Pseudomonas or Streptomyces griseoluteus in the second sample ( Table 1 ). The presence of Streptomyces grisoluteus was assumed to be a contaminant and was ignored for determining the cut-off threshold. The 5000 read cut-off was then applied to the clinical sample to reduce noise.
SEM and shotgun sequencing of the carrier sample
A diverse, bacterial biofilm was observed using SEM and reported in (Bjørndal et al. 2016) . Cocci and spirochete-shaped bacteria were prevalent in the biofilm (Fig. 2) Taxonomic assignment of bacteria by Kraken identified 42 bacterial genera and 64 species with a minimum of 5000 reads (Tables S3 and S4 , Supporting Information). A total of 34 of the 42 genera identified have been described in association with sampled primary and/or persistent root canals infections (Table S1 , Supporting Information). The presence of e.g. Treponema sp. supports SEM and TEM observations of spirochete shaped bacteria (Bjørndal et al. 2016) . To confirm Kraken taxonomic assignments, the Bowtie2 alignments were analyzed and the genome coverage calculated. The results of top Kraken assignments and their subsequent Bowtie2 alignments (for clinically relevant organisms) are displayed in Table 2 . The average genomic coverage ranged from 0.004 to 1.12 with a median of 0.029, demonstrating generally low coverage. Relative abundance estimations were then conducted with both MetaPhlAn and Bracken. Genera and species identified by both methods with greater than 1% relative abundance are displayed in Fig. 3 . MetaPhlAn returned 19 genera and 19 species with greater than 1% abundance. Bracken returned 20 genera and 21 species greater than 1% abundance. The entire list of genera and species with more than 5000 reads identified by MetaPhlAn and Kraken are listed in Tables S3 and  S4 (Supporting Information), respectively.
DISCUSSION AND CONCLUSION
Biofilm studies often utilize both microscopy and metagenomic analyses, but require a specimen or sample to be divided and individually processed for each technique. These techniques may, consequently, yield drastically different results. It is generally assumed that metagenomic analyses cannot be performed on a sample previously subjected to a high-energy, microscopy In this study, we performed shotgun metagenomics on clinical and in vitro biofilm samples, all of which had been previously visualized using SEM. We demonstrate successful DNA extraction and taxonomic classification, in some cases at specieslevel, from these samples. Only two other studies have succeeded in extracting DNA from SEM samples i.e. gold covered thrips and foraminifera (Holzmann and Pawlowski 1996; Kumar et al. 2014) . In both studies, DNA extraction was followed by PCR amplification of a number of genes for species identification. We attempted to apply their DNA extraction protocol to in vitro, P. aeruginosa biofilms, but saw no amplification of the 16S gene (data not shown). This may be due to the fragmented nature of the DNA after being subjected to a high-energy electron beam during SEM (Wang et al. 2013) (Fig. 1) . Despite this challenge, our shotgun sequencing approach still provided a detailed summary of the microbial community composition.
The microbiota of persistently infected root canals is dominated by both strict and facultative anaerobic bacteria. A high level of Actinomyces sp., Fusubacterium sp. and Treponema sp. reflects bacterial species of an endodontic origin also when sampled extraradicularly (Sunde et al. 2002; Handal et al. 2009 ). We identified several species from these genera on the clinical extruded core-carrier with greater than 1% estimated relative abundance. The sensitivity of shotgun metagenomics may yield erroneous reads that do not correspond to the true sample composition. We observed that a cut-off of 5000 reads was required to remove erroneous classifications from the P. aeruginosa in vitro biofilm samples and subsequently applied this to our analysis of the core-carrier (Table 1) . Only eight of the identified genera were not associated with endodontic infections in the literature, but also generally appeared to be present in low abundance. These contaminants are either artifact of read misalignment, as the alignment program (Bowtie2) allows some error, or from true contamination prior to DNA extraction. Samples were not handled aseptically and were stored on an office shelf at room temperature for several years. Metagenomic analysis of biofilm samples by shotgun sequencing after SEM poses several limitations. Fragmentation of the DNA after SEM results in short sequencing reads, many of which end up being discarded. Additionally, taxonomic classification by Kraken only provides an overview of what may be present in a sample, but is not definitive evidence of an organism's presence. This demonstrated low genome coverage for many species when mapping the raw reads to reference genomes using Bowtie2, despite being classified by Kraken. We also observed that taxon abundance estimations using programs such as MetaPhlAn and Bracken did not always yield the same results. For example, Bracken and MetaPhlAn estimated Actinomyces as having 14% and 1%, respectively. Abundance estimations using programs such as MetaPhlAn are based on clade-specific marker genes, while Bracken classifications are based on all observed reads in the sample and, therefore, yield different results, especially for less abundant taxa. These analyses should be considered summary-level, but do not provide exact compositional information. Increasing the number of sequencing reads would likely increase coverage, provide better resolution and increase power to rule out contaminants and artifacts.
This study demonstrated, to our knowledge, the first metagenomic characterization of bacterial community composition in a clinical endodontic core-carrier sample following visualization by SEM. This suggests that a combined approach with SEM and shotgun sequencing could be utilized to characterize bacterial biofilms following visualization by electron microscopy. This proof-of-concept may have wide ranging implications, as it is not only limited to clinical samples. It is plausible that important microbial compositional information can still be accessed from many other types of SEM samples.
MATERIALS AND METHODS
In vitro biofilm samples
Pseudomonas aeruginosa PAO1 (ATCC 15692) was inoculated from a frozen stock into a 10 mL culture tube containing 5 mL Lysogeny broth medium and incubated overnight at 37
• C, 180 rpm with and without salmon sperm as part of a previous project to determine the role of extracellular DNA for aggregation (Alhede et al. 2011) . The salmon sperm DNA simulates the high level of eukaryotic DNA in the carrier sample. Briefly, 100
μL of this overnight culture was then inoculated into 10 mL ABtrace minimal medium (Christensen et al. 1999) containing 0.5% glucose into wells of a six-well, tissue culture test plate (Techno Plastic Products, Switzerland). Spontaneous aggregation was allowed to develop for 48 hours at 37 • C. Macroscopic aggregates were isolated from the wells by removing the growth media. Aggregates were then prepared for SEM.
Endodontic core-carrier sample
An endodontic obturator's core-carrier was collected from the maxillary sinus of a patient with persistent root canal infection (Fig. 4) . The patient had received root canal treatment of the maxillary right first molar and the carrier had accidently been full-length extruded into the maxillary sinus during a root filling procedure five years previously. The apical and middle parts of the carrier were prepared and investigated by SEM as reported previously (Bjørndal et al. 2016) .
SEM preparation
Samples were fixed in 2% glutaraldehyde in 0.05 M sodium phosphate buffer (pH 7.4). Samples were rinsed thrice in 0.15 M sodium phosphate buffer (pH 7.4) and post-fixed with 1% OsO 4 in a 0.12 M sodium cacodylate buffer (pH 7.4) for 2 hours. Following a rinse in distilled water, the specimens were dehydrated in 100% ethanol according to standard procedures and critical point dried (Balzers CPD 030 instrument) using CO 2 . The specimens were then mounted on stubs with colloidal coal and sputter-coated with gold (Polaron SEM E5000 coating unit). Samples were subsequently examined with a Philips FEG30 scanning electron microscope with at an accelerating voltage of 2 kV (Bjørndal et al. 2016) .
DNA sample preparation and sequencing
All SEM samples were processed in dedicated clean-laboratories (Willerslev and Cooper 2005) at the Center for GeoGenetics, Natural History Museum, University of Copenhagen. The samples were incubated in 4.9 mL 0.5 M EDTA and 100 μL proteinase K for 24 hours at 50 • C. DNA was then extracted from the solution using a binding buffer developed for recovering degraded DNA molecules slightly modified from Allentoft et al. (Allentoft et al. 2015) . The binding buffer was prepared by mixing 500 mL Qiagen PB buffer with 9 mL of sodium acetate (5 M), and 2.5 mL of sodium chloride (5 M). DNA was then bound to silica in solution for 1 hour. The silica in solution was prepared by dissolving 6 g silica in molecular grade water, followed by the addition of 60 μL, 37% HCl. Next-generation sequencing libraries were then built from the DNA extracts according to a modified NEBNext DNA Sample Prep Master Mix Set 2 protocol (E6070, New England Biolabs, USA), incorporating P5 and P7 adaptors as described in Allentoft et al. (Allentoft et al. 2015) . The sequencing libraries were then amplified with Kapa U+ (Kapa Biosystems, South Africa) and purified using MinElute purification kits (Quiagen, Germany). Samples were sequenced on the Illumina HiSeq 2500 platform with 100 bp single read chemistry.
Data analysis
All reads were pre-processed with AdapterRemoval v. 2.2.2 (Schubert, Lindgreen and Orlando 2016) with a base quality of 20 on the phred scale and minimum read length of 30 base pairs (bp). Trimmed reads were classified with Kraken v. 1.0 (Wood and Salzberg 2014) . Only reads classified as bacteria were used for the following analyses. To confirm the results from Kraken, bacterial reads were aligned to several reference genomes using Bowtie2 v. 2.3.2 using "end-to-end" and "very-sensitive" presets (Langmead and Salzberg 2012) . Reference genomes were selected based on clinically relevant species identified in a literature review of endodontic infections (Table S1 , Supporting Information). Relative abundance estimations were generated by both MetaPhlAn v. 2.7.6 using the raw reads and Bracken using the output from Kraken (Segata et al. 2012; Lu et al. 2017) . Two methods were utilized to allow for comparison between the estimation methods. All visualizations were done in R (R Development Core Team 2008).
